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Abstract 

Four  different  mutant  strains  of  Rhodobacter  capsulatus  (IR1,  IR3,  IR4  and  JP91),  a  photosynthetic  purple  non- sulfur  bacterium,  were 
tested  for  their  ability  to  produce  hydrogen  in  a  3  L  volume  photobioreactor  coupled  to  a  small  PEM  fuel  cell.  The  four  mutants,  together 
with  the  wild-type  strain,  B10,  were  grown  at  30  °C  under  illumination  with  30mmolL_1  DL-lactate  and  5  mmolL-1  L-glutamate  as  carbon 
and  nitrogen  source,  respectively.  Bacterial  growth  was  measured  by  monitoring  the  increase  in  absorbance  at  660  nm,  and  hydrogen  yield, 
and  substrate  conversion  efficiency  were  measured  under  the  same  conditions.  The  hydrogen  production  capability  of  the  five  strains  was 
then  compared  and  shown  to  be  in  the  order:  IR3  >  JP91  >IR4>B10>IR1.  The  most  preferment  strain,  IR3,  showed  a  substrate  conversion 
efficiency  of  84.8%  and  a  hydrogen  yield  of  3.9  L  L_1  of  culture.  The  biogas  produced  by  these  photobioreactor  cultures  was  successfully  used 
as  feed  for  a  small  PEM  fuel  cell  system,  with  the  mutant  IR3  showing  the  most  sustained  hydrogen  and  current  production.  The  maximum 
current  was  similar  to  that  obtained  using  pure  hydrogen  produced  by  a  small  electrolysis  cell  (High-Tec  Inc.). 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Hydrogen  is  a  clean  and  efficient  fuel,  considered  as  a 
potential  and  more  sustainable  energy  substitute  for  fossil 
fuels.  It  has  been  predicted  that  the  contribution  of  hydro¬ 
gen  to  global  energy  consumption  will  increase  dramatically, 
to  approximately  50%,  by  the  end  of  the  21st  century  due 
to  the  development  of  efficient  end-use  technologies,  possi¬ 
bly  becoming  the  main  final  energy  carrier.  Also,  it  is  un¬ 
doubted  that  hydrogen  will  play  a  strategic  role  in  the  pursuit 
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of  a  low-emission  energy  source  for  environmental  demand 

[1,2]. 

To  this  end,  it  will  be  necessary  for  hydrogen  to  be  pro¬ 
duced  renewably  and  on  a  large  scale.  The  global  hydro¬ 
gen  production  system,  initially  fossil-fuel  based,  is  shifting 
progressively  toward  renewable  sources.  The  following  tech¬ 
nologies  for  the  conversion  of  secondary  and  primary  fuels 
into  hydrogen  are  being  investigated  extensively:  electroly¬ 
sis,  coal  gasification,  steam  methane  reforming  of  natural  gas, 
partial  oxidation  of  fuel  oil,  solar  thermal  cracking,  biomass 
gasification  and  photobiological  synthesis  [1-5].  Biological 
hydrogen  production  stands  out  as  an  environmentally  harm¬ 
less  process  carried  out  under  mild  operating  conditions  with 
renewable  resources.  Currently,  much  research  on  hydrogen 
production  is  carried  out  with  laboratory- scale  or  pilot- scale 
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reactors  using  photo  synthetic  microorganisms  [3-11].  Pho- 
totrophic  purple  non-sulfur  bacteria,  such  as  Rhodobacter 
capsulatus ,  are  commonly  utilized  for  hydrogen  production 
from  various  carbon  sources  [12-20].  However,  the  produc¬ 
tion  rate  and  the  yield  vary  greatly  depending  on  the  carbon 
source  used  and  the  experimental,  physiological  conditions, 
such  as  light  intensity  or  pH  [15,21].  On  the  other  hand,  sev¬ 
eral  studies  have  shown  that  mutant  strains  can  be  isolated  and 
show  improved  hydrogen  producing  capabilities  compared  to 
the  wild-type  [22,23]. 

Four  different  mutants  of  R.  capsulatus  (IR1 ,  IR3,  IR4  and 
JP91),  isolated  in  previous  studies,  as  well  as  the  wild-type 
strain,  BIO,  were  checked  for  photohydrogen  production  in 
a  large  culture  volume  (3L)  with  30mmolL_1  DL-lactate 
provided  as  the  carbon  source  and  5  mmolL-1  L-glutamate 
as  the  nitrogen  source.  The  growth  characteristics  of  these 
five  strains  were  determined  by  monitoring  the  absorbance 
of  the  cultures  at  660  nm  and  calculating  the  cell  dry  weight. 
The  cultures  were  incubated  at  30  °C  and  illuminated  by  two 
120  W  incandescent  lamps  placed  at  a  distance  of  1  m.  The 
hydrogen  yield  and  substrate  conversion  efficiency  of  each 
strain  were  measured  and  used  to  compare  the  hydrogen  pro¬ 
duction  capabilities  of  these  four  mutants  and  the  wild-type 
B10. 

We  also  checked  the  practicability  of  coupling  the  photo¬ 
hydrogen  produced  these  bacterial  cultures  to  the  operation 
of  a  fuel  cell.  It  is  well  known  that  fuel  cells  have  significant 
potential  to  become  an  important  element  of  the  portfolio 
of  options  to  meet  ever-increasing  demands  for  energy  ser¬ 
vices  while  responding  to  more  stringent  reliability  and  power 
quality  standards,  mounting  environmental  constraints,  cost- 
effectiveness  pressures  and  other  challenges  that  energy  sys¬ 
tems  will  face  in  the  future  [24].  In  the  present  work,  a  small 
polymer  electrolyte  membrane  fuel  cell  (PEMFC)  was  se¬ 
lected  for  further  evaluation.  Hydrogen  was  applied  without 


purification  and  generated  an  efficient  current  response,  in¬ 
dicating  the  potential  of  this  system  for  future  applications. 

2.  Experimental 

Five  strains  of  R.  capsulatus ,  B10  (wild- type),  IR1,  IR3, 
IR4  and  JP91,  were  tested  in  this  study.  The  preparation 
of  these  mutants  has  been  described  before  [22,23].  Pre¬ 
cultures  were  grown  photosynthetically  at  30-32  °C  in  a  min¬ 
eral  salts  (RCV)  medium  supplemented  with  30  mmol  L-1 
DL-malate  and  7.5  mmol  L-1  (NH^SCU  as  described  previ¬ 
ously  [22,23].  The  culture  for  absorbance  measurements  and 
the  photohydrogen  production  contained  30  mmol  L-1  DL- 
lactate  as  carbon  source  and  5  mmol  L- 1  L-glutamate  as  ni¬ 
trogen  source.  The  medium  was  autoclaved  (120  min,  120  °C, 
1.2  bar)  before  use.  Rubber- stoppered  glass  bottles  of  lOmL 
volume  were  used  for  cell  growth  of  different  strains  of  R. 
capsulatus.  A  water-jacketed  glass  reactor  of  3.5  L  liquid  vol¬ 
ume  was  used  for  hydrogen  production.  The  volume  of  cul¬ 
ture  was  3  L.  The  schematic  figure  of  the  experimental  setup  is 
shown  in  Fig.  1.  The  temperature  of  the  photobioreactor  was 
controlled  at  30  °C  in  a  glass-sided  water  bath.  Illumination 
was  provided  by  two  120  W  incandescent  lamps  placed  at  a 
distance  of  1  m.  To  initiate  growth  of  the  culture,  20-30  mL 
pre-culture  was  inoculated  into  the  bioreactor. 

The  flow  rates  of  photohydrogen  produced  by  the  photo¬ 
bioreactor  were  measured  with  a  mass  flow  controller  coupled 
to  a  digital  multi-meter,  which  was  connected  via  RS232C  to 
a  compatible  PC.  The  yields  of  biogas  were  determined  by 
integrating  the  curves  of  flow  rates  against  time.  The  bacterial 
cell  concentration  was  determined  spectrophotometrically,  it 
was  found  that  an  absorbance  at  660  nm  of  1.0  is  equivalent 
to  a  cell  density  of  0.45  g  dry  weight  L-1  culture  under  our 
experimental  conditions. 


Fig.  1.  Schematic  diagram  of  the  photohydrogen  production  and  application  system  by  R.  capsulatus. 
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The  composition  of  the  evolved  biogas  was  determined  by 
gas  chromatography.  The  GC  (HP6890)  was  equipped  with  a 
thermal  conductivity  detector  and  PORAPAK  Q  and  a  molec¬ 
ular  sieve  heated  at  80  °C,  which  enabled  the  separation  of 
CO2,  H2,  O2,  N2  and  H2O.  The  pH  of  the  culture  medium 
was  measured  with  a  standard  combination  pH  electrode  con¬ 
nected  to  a  GLP21  pH  meter. 

The  small  PEMFC  (PEMFC-KIT,  ref.  1919,  High-Tec 
Inc.)  was  fed  directly  with  the  biogas  produced  by  dif¬ 
ferent  strains  of  R.  capsulatus.  The  membrane  electrode 
assembly  has  a  surface  area  of  16  cm2  and  works  under 
open  outlet  mode  running  on  a  constant  load.  Air  was  used 
for  the  cathodic  reaction;  a  10  £2  resistance  was  used  as 
the  load  of  the  PEM  fuel  cell.  The  current  curves  were 
measured  by  HP3478A  multi-meter  connected  to  a  PC  via 
IEEE  488. 
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Fig.  3.  Variations  of  the  relative  content  of  hydrogen  in  the  biogas  produced 
from  different  strains:  (0)  corresponds  to  B10;  (□)  IR1;  (A)  IR3;  (♦)  IR4 
and  (■)  JP91. 


3.2.  Composition  of  the  hiogas  produced  by  different 
strains 


3.  Results  and  discussion 

3.1.  The  growth  characteristics  of  different  strains 

The  absorbance  (A660)  of  cultures  was  measured  at  660  nm 
so  as  to  monitor  bacterial  growth.  The  cell  dry  weight  (CDW, 
gL-1)  of  bacteria  in  the  culture  is  proportional  to  the  ab¬ 
sorbance  at  660  nm  and  thus  can  be  calculated  according  to 
the  following  relationship: 

CDWbacteria  =  0.45A660  (1) 

The  growth  curves  of  different  strains  in  3L  cultures  are 
shown  in  Fig.  2.  During  the  first  24  h,  strains  JP91,  IR4 
and  IR1  grew  more  rapidly  than  strain  B10.  These  re¬ 
sults  agree  well  with  the  results  obtained  in  smaller  vol¬ 
ume  culture  (55  mL)  [23].  However,  it  can  be  seen  that 
strain  IR3  grew  more  slowly  than  other  strains,  although 
after  40  h  the  growth  rates  of  the  five  strains  were  very 
similar. 


Fig.  2.  Bacterial  growth  kinetic  of  R.  capsulatus  strains  (B10,  IR1,  JP91, 
IR3  and  IR4)  in  3L  culture  (30  °C,  pH  6.8).  30mmolL_1  DL-lactate  and 
5  mmol  L~ 1  L-glutamate  were  used  as  carbon  source  and  nitrogen  source, 
respectively.  (0)  corresponds  to  B10;  (□)  IR1;  (A)  IR3;  (♦)  IR4  and  (■) 
JP91. 


Phototrophic  purple  bacteria  can  convert  carbon  sub¬ 
strates,  such  as  Lactate,  into  H2  and  CO2,  using  light  as  energy 
source  [25,26].  The  composition  of  the  biogas  produced  by 
the  five  strains  under  the  same  experimental  conditions  was 
determined  by  gas  chromatography.  Fig.  3  shows  the  varia¬ 
tions  of  the  content  of  hydrogen  during  the  cultivation  in  a 
batch  experiment.  It  can  be  seen  that  the  content  varies  with 
the  growth  of  bacteria.  Overall,  the  relative  contents  of  hy¬ 
drogen  in  the  biogas  (H2  +  CO2)  of  strains  JP91,  IR1  and  IR4 
were  higher  than  those  of  strains  B10  and  IR3,  the  highest 
value  being  observed  with  strain  JP91.  The  average  values 
for  the  different  strains  are  listed  in  Table  1 . 

3.3.  Kinetics  of  photohydrogen  production 

R.  capsulatus  grew  well  in  the  chosen  culture  medium 
under  photo  synthetic  conditions  and  the  quantity  of  bacte¬ 
ria  increased  during  cultivation.  Hydrogen  production  began 
once  the  bacterial  concentration  reached  a  threshold  value. 
However,  the  bacterial  growth  time  and  the  kinetics  of  hy¬ 
drogen  photoproduction  varied  from  strain  to  strain.  Hydro¬ 
gen  flow  rates  of  five  strains  were  monitored  by  the  flow 
controller.  It  can  be  seen  that  initially,  for  the  first  8h,  no 
hydrogen  was  produced,  although  the  bacterial  strains  were 
growing  in  the  culture.  After  this  lag  period,  hydrogen  was 
produced  rapidly,  and  the  maximum  flow  rate  was  reached 
after  about  30  h.  The  maximum  hydrogen  production  rates 

Table  1 


Average  relative  contents  of  hydrogen  in  biogas  produced  from  different  R. 
capsulatus  strains 


Strain 

Average  relative  content  of  hydrogen  (%) 

B10 

93.0  ±  1.4 

IR1 

97.4  ±  0.8 

IR3 

93.2  ±  1.8 

IR4 

97.3  ±  1.5 

JP91 

98.0  ±  0.7 
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differed  greatly  between  strains,  being  0.60,  0.57,  0.97,  0.77 
and  0.71  mLmin-1,  for  strains  BIO,  IR1,  IR3,  IR4  and  JP91, 
respectively.  After  this  peak,  the  hydrogen  production  rates 
decreased  with  time,  presumably  due  to  the  consumption  of 
substrate  in  culture  batch.  Nevertheless,  average  H2  produc¬ 
tion  rates  could  be  calculated  by  integration  of  the  curves,  and 
were  found  to  be  18.6,  14.7,  34.4,  20.6  and  23.6  mLh-1  L-1 
culture  for  strains  B10,  IR1,  IR3,  IR4  and  JP91, 
respectively. 


3.4.  Hydrogen  production  yields  and  substrate 
conversion  efficiency 


The  yields  of  hydrogen  production  reflect  the  capability 
of  different  bacterial  strains  to  convert  the  carbon  substrate 
into  biogas.  The  yields  of  hydrogen  were  obtained  by  in¬ 
tegrating  the  time  courses  of  flow  rates  for  the  five  strains. 
Another  useful  parameter  for  characterizing  microbiological 
hydrogen  production  is  the  substrate  conversion  efficiency, 
which  is  the  ratio  of  the  actual  amount  of  hydrogen  evolved 
to  the  amount  expected  through  stoichiometric  conversion 
of  the  substrate.  For  lactate,  which  is  the  primary  carbon 
substrate  used  in  this  study,  6  mol  of  hydrogen  are  expected 
to  be  produced  per  mole  of  lactate  utilized  according  to 
Eq.  (2): 

C3H603  +  3H20  -*  6H2  +  3C02  (2) 


Therefore  the  substrate  conversion  efficiency  (77)  can  be  cal¬ 
culated  as  a  percentage  of  the  theoretical  maximum  for  the 
complete  conversion  of  lactate  and  glutamate  to  H2  and  C02 
from  the  Eq.  (3)  [1]: 


V 

6(24. 47 Mo) 


x  100% 


where  V  is  the  volume  of  H2  in  L,  24.47  is  the  volume  (L)  of 
H2  at  Standard  Laboratory  Conditions  (25  °C,  1  atm)  and  Mo 
is  the  initial  concentration  of  lactate. 

Table  2  gives  the  yields  and  the  substrate  conversion  effi¬ 
ciencies  for  all  the  strains.  It  is  observed  that  the  yields  ranged 
between  1.82  and  3.93  L,  the  values  of  the  substrate  conver¬ 
sion  efficiencies  between  44.6%  and  84.8%.  In  both  cases, 
the  highest  values  were  observed  for  strain  IR3  and  the  lowest 
for  strain  IR1 .  These  parameters  for  strain  IR3  were  80-90% 
higher  than  for  the  wild-type,  confirming  the  enhanced  hy- 


Table  2 


Hydrogen  yields  and  substrate  conversion  efficiency  of  R.  capsulatus  strains 
in  3  L  photobioreactor  culture  (30  °C,  pH  6.8) 


Strain 

Hydrogen  yield  (L) 

Substrate  conversion 
efficiency  (rj)  in  (%) 

B10 

2.16 

44.6 

IR1 

1.83 

40.6 

IR3 

3.93 

84.8 

IR4 

2.36 

52.5 

JP91 

2.53 

56.2 

Fig.  4.  Current  vs.  time  response  of  a  PEMFC  running  on  a  constant  load 
at  a  cell  potential  of  about  0.8  V  feed  by  photohydrogen  produced  from 
strains  JP91,  IR1,  IR3  and  IR4  in  3  L  culture  (30  °C,  pH  6.8).  30mmolL_1 
DL-lactate  and  5  mmol  L-1  L-glutamate  were  used  as  carbon  source  and 
nitrogen  source,  respectively.  Two  120  W  incandescent  lamps  placed  at  a 
distance  of  100  cm  were  utilized  as  light  source.  (O)  corresponds  to  a  small 
electrolysis  cell;  (□)  IR1;  (A)  IR3;  (♦)  IR4  and  (■)  JP91. 

drogen  producing  capability  of  the  mutant  strain  under  our 
experimental  conditions. 

3.5.  The  current  response  of  the  small  P EM  fuel  cell 

The  biogas  produced  by  different  strains  of  R.  capsula¬ 
tus  was  directly  introduced  in  a  small  PEM  fuel  cell,  with¬ 
out  prior  purification.  The  current  curves  obtained  with  B10, 
JP91,  IR1,  IR3  and  IR4  bacterial  cultures  associated  with 
PEMFC  are  illustrated  in  Fig.  4.  After  a  period  of  no  H2  pro¬ 
duction,  which  depended  of  the  bacterial  strain,  the  current 
rapidly  increased  due  to  the  production  of  H2.  The  maximal 
current  value,  closed  to  80  mA  for  an  electrode  area  of  ap¬ 
proximately  16  cm2,  was  similar  to  the  value  obtained  with 
pure  H2  produced  by  water  electrolysis  (81  mA)  under  the 
same  experimental  conditions.  At  this  working  point,  the  cell 
potential  was  about  0.8  V.  The  hydrogen  utilization  in  the 
PEMFC,  which  is  the  ratio  of  the  hydrogen  consumed  by  the 
fuel  cell  to  the  inlet  flow  rate  of  hydrogen,  could  be  estimated 
from  the  current  by  using  Faraday’s  law  and  the  hydrogen  pro¬ 
duction  rate  of  the  bioreactor.  Ratios  larger  than  50%  were 
obtained,  indicating  that  a  large  quantity  of  hydrogen  was 
converted  into  electricity  by  the  PEMFC. 

The  delay  for  obtaining  the  maximal  current  via  PEMFC 
depended  of  the  bacterial  strains.  So,  R.  capsulatus  IR3  ex¬ 
hibited  the  best  efficiency  in  terms  of  hydrogen  production 
and  delay  for  obtaining  the  maximal  current.  At  the  opposite, 
R.  capsulatus  IR1  revealed  the  worst  efficiency.  The  maximal 
current  was  maintained  during  a  period  of  1 1-32  h,  depend¬ 
ing  to  the  bacterial  strains. 

These  results  showed  that  an  efficient  conversion  of  hy¬ 
drogen  into  electricity  can  be  performed  over  a  long  time 
period  using  a  batch  photobioreactor.  The  excellent  perfor¬ 
mance  of  the  PEM  fuel  cell  was  due  to  the  low  C02  content  of 
the  biogas.  The  influence  of  carbon  dioxide  on  PEM  fuel  cell 
performance  remains  rather  small  and  has  been  demonstrated 
previously  [27,28]. 
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4.  Conclusions 

The  various  strains  used  in  this  study  grow  well  photosyn- 
thetically  in  culture  [22,23]  medium  provided  with  DL-lactate 
and  L-glutamate  and  produce  hydrogen  at  high  rates.  Sum¬ 
ming  up  the  above  results,  the  order  of  the  hydrogen  produc¬ 
tion  capability,  the  H2  production  rate  and  the  substrate  con¬ 
version  efficiency  were  IR3  >  JP91  >IR4>B10>IR1.  The 
relative  hydrogen  content  of  the  biogas  was  greater  than 
90%,  so  high  purity  H2  can  be  generated  by  the  “R.  cap- 
sulatus  +  lactate”  system.  The  utilization  of  a  PEM  fuel  cell 
showed  that  the  hydrogen  produced  by  this  photobiological 
process  could  be  used  successfully  as  the  gas  source  to  pro¬ 
vide  electricity. 

Acknowledgements 

The  authors  are  grateful  to  the  Region  Rhone-Alpes 
(France)  for  the  financial  support  of  the  program  SOBBRE 
and  the  French  Ministry  of  the  Research  for  a  postdoctoral 
grant  for  Deliang  He. 

References 

[1]  H.  Kokua,  I.  Eroglu,  U.  Gtindiiz,  M.  Yiicel,  L.  Ttirker,  Int.  J.  Hy¬ 
drogen  Energy  28  (2003)  381-388. 

[2]  L.  Barreto,  A.  Makihiraa,  K.  Riahia,  Int.  J.  Hydrogen  Energy  28 
(2003)  267-284. 

[3]  T.  Artik,  U.  Gtindiiz,  M.  Yiicel,  L.  Ttirker,  V.  Sediroglu,  I.  Eroglu,  in: 
T.N.  Veziroglu,  C.J.  Winter,  J.R  Basselt,  G.  Kreysa  (Eds.),  Proceed¬ 
ings  of  the  11th  WHEC  Conference  on  Hydrogen  Energy  Progress, 
vol.  3,  International  Association  for  Hydrogen  Energy,  Stuttgart,  Ger¬ 
many,  1996,  pp.  2417-2424. 

[4]  I.  Eroglu,  K.  Aslan,  U.  Giindiiz,  M.  Yiicel,  L.  Tiirker,  J.  Biotechnol. 
70  (1999)  103-113. 

[5]  P.  Hillmer,  H.  Gest,  J.  Bacteriol.  129  (2)  (1977)  724-731. 

[6]  J.  Miyake,  X.Y.  Mao,  S.  Kawamura,  J.  Ferment.  Technol.  62  (1984) 
531-535. 

[7]  K.  Sasikala,  C.V.  Ramana,  PR.  Rao,  Int.  J.  Hydrogen  Energy  16 
(1991)  597-601. 


[8]  E.  Fascetti,  O.  Todini,  Appl.  Microbiol.  Biotechnol.  44  (1995) 
300-305. 

[9]  M.J.  Barbosa,  J.M.S.  Rocha,  J.  Tramper,  R.H.  Wijels,  J.  Biotechnol. 
85  (2001)  25-33. 

[10]  E.  Nakada,  S.  Nishikata,  Y.  Asada,  J.  Miyake,  Int.  J.  Hydrogen 
Energy  24  (1999)  1053-1057. 

[11]  T.  Otsuki,  S.  Uchiyama,  K.  Fujiki,  S.  Fukunaga,  in:  O.R.  Zaborsky 
(Ed.),  Biohydrogen,  Plenum  Press,  New  York,  1998,  pp.  369- 
374. 

[12]  D.  Das,  T.N.  Veziroglu,  Int.  J.  Hydrogen  Energy  26  (2001)  29-37. 

[13]  A.  Jahn,  B.  Keuntje,  M.  Dorffler,  W.  Klipp,  J.  Oelze,  Appl.  Micro¬ 
biol.  Biotechnol.  40  (1994)  687-690. 

[14]  A.A.  Tsygankov,  A.S.  Fedorov,  T.V.  Laurinavichene,  I.N.  Gogo- 
tov,  K.K.  Rao,  D.O.  Hall,  Appl.  Microbiol.  Biotechnol.  49  (1998) 
102-107. 

[15]  H.P  Herburt,  H.L.  Fang,  Bioressour.  Technol.  82  (2002)  87-93. 

[16]  I.  Eroglu,  K.  Aslan,  U.  Gundiiz,  M.  Yiicel,  L.  Tiirker,  in:  O.R. 
Zaborsky,  J.R.  Benemann,  J.  Miyake,  A.S.  Pietro  (Eds.),  Biohydro¬ 
gen,  Plenum  Press,  New  York,  1998,  pp.  143-149. 

[17]  E.  Fascetti,  O.  Todini,  Appl.  Microbiol.  Biotechnol.  44  (1995) 
300-305. 

[18]  H.  Ziirrer,  R.  Bachofen,  Appl.  Environ.  Microbiol.  37  (1979) 
789-793. 

[19]  A.  Yamada,  T.  Hatano,  T.  Matsunaga,  in:  O.R.  Zaborsky,  J.R.  Ben¬ 
emann,  J.  Miyake,  A.S.  Pietro  (Eds.),  Biohydrogen,  Plenum  Press, 
New  York,  1998,  pp.  167-171. 

[20]  T.  Otsuki,  S.  Uchiyama,  K.  Fujiki,  S.  Fukunaga,  in:  O.R.  Zaborsky, 
J.R.  Benemann,  J.  Miyake,  A.S.  Pietro  (Eds.),  Biohydrogen,  Plenum 
Press,  New  York,  1998,  pp.  369-374. 

[21]  D.P  Wilkinson,  D.  Thompsett,  Proceedings  of  the  Second  Inter¬ 
national  Symposium  on  New  Materials  for  Fuel  Cell  and  Modern 
Battery  Systems,  1997,  p.  266. 

[22]  A.  Colbeau,  J.-P.  Magnin,  B.  Cauvin,  T.  Champion,  PM.  Vignais, 
Mol.  Gen.  Genet.  220  (1990)  393-399. 

[23]  J.C.  Willison,  D.  Madern,  PM.  Vignais,  Biochem.  J.  219  (1984) 
593-600. 

[24]  L.  Barreto,  A.  Makihira,  K.  Riahi,  Int.  J.  Hydrogen  Energy  28  (2003) 
267-284. 

[25]  C.J.  Soeder,  Proceedings  of  the  Microbial  Energy  Conservation 
Goettingen,  Germany,  October  4-8,  Erich  Goltze  KG,  1976,  pp. 
59-68. 

[26]  A.A.  Tsygankov,  T.V.  Laurinavichene,  Biotechnol.  Bioeng.  51  (1996) 
605-612. 

[27]  F.A.  de  Bruijn,  D.C.  Papageorgopoulos,  E.F.  Sitters,  G.J.M.  Janssen, 
J.  Power  Sources  110  (2002)  117-124. 

[28]  Z.  Qi,  A.  Kaufman,  J.  Power  Sources  113  (2003)  115-123. 


